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Abstract 
The In Salah CO2 storage project in Algeria, initiated in 2004, provides a unique early-mover case study on CO2 storage. 
After 5 years of operation, the project has developed a substantial storage-unit characterisation and monitoring dataset.  The 
question we address in this paper is: which reservoir features have proven most critical in controlling the injection performance 
so far? This is also an important question for future CO2 storage sites, as part of the planned global ramp-up in CCS as a 
greenhouse gas mitigation option.  
Our main findings are that structural geological and rock mechanical aspects are most critical in the early injection phase, 
while characterisation of the pore space, combined with the dynamically created fracture permeability, becomes more important 
when considering the medium to long-term effects (10-1000 years) including geochemical, fluid dynamical and geomechanical 
aspects. When considering the quantity and type of data that are needed to sufficiently characterise this CO2 storage site, high 
quality 3D seismic proves to be highly valuable (despite its relatively high cost). For the pore space characterisation, core 
samples from both the reservoir and the caprock are vital in order to calibrate and properly interpret static and dynamic well data.
Finally, monitoring datasets, including well-head gas and tracer data, time-lapse seismic data, and satellite (InSAR) 
monitoring data need to be interpreted and only bring true value when utilised with detailed geological descriptions and models
of the subsurface. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The In Salah CO2 storage project in Algeria, initiated in 2004, has injected over 3 million tonnes of CO2 via three 
horizontal wells into the water leg of the Carboniferous sandstone at the Krechba gas field.  The field is operated by 
the In Salah Gas Joint Venture (JV), comprising BP, Sonatrach and Statoil,  while a Joint Industry Project (JIP), 
funded by BP, Sonatrach, Statoil, EU DG Research and the US Department of Energy, was set up to monitor CO2
c⃝ 2011 Published by Elsevier Ltd.
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migration and verify long term storage. During this time a comprehensive data collection programme has been 
established in order to understand, monitor and verify the CO2 injection performance at this important demonstration 
site. An initial baseline dataset was collected prior to injection start up and since then a wide range of new data have 
been collected and analysed, including: core and log data, a repeat 3D seismic survey, micro-seismic data, wellhead 
gas pressures, flow rates, gas compositions and tracers, down-hole fluid samples, surface gas flux and satellite 
InSAR data. 
The central question we address in the paper is: which reservoir features have proven most critical in controlling 
the injection performance so far? This is also an important question for future CO2 storage sites, as part of the 
planned global ramp up in CCS as a greenhouse gas mitigation option. How much and what kind of data do you 
need to sufficiently characterise a CO2 storage site? 
The critical elements in the characterisation programme fall under three main themes: 
i. Structural geology: the nature of faults and fractures in the storage unit 
ii. Fracturing: both the mechanical and fluid dynamical behaviour of fractured rock 
iii. Pore-space characterisation: the petrophysical properties controlling geochemical reactions and multi-
phase flow processes.  
These elements of the characterisation programme and their value for understanding the injection performance at 
Krechba are outlined below. 
2. Structural Geology 
The Carboniferous storage unit at Krechba comprises a gentle anticline formed during a compressive tectonic 
phase during the late Carboniferous (c. 300 Ma). A NE-SW compressive stress system deformed the Palaeozoic 
sedimentary basin (the Ahnet basin) into a series of folds (Figure 1). 
Figure 1: Structural geological setting for the In Salah area (based on [1]) 
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Continued compression led to some of these folds being breached by strike-slip faults. The Krechba structure 
remained relatively un-faulted and the 20m thick C10.2 storage unit is never fully offset by faults. All the faults are 
thus subtle and close to the limits of seismic resolution. Substantial erosion, with up to 2km of uplift, mainly 
represented by the Hercynian unconformity, led to stress relaxation and formation of joints. The present-day stress 
regime is strike-slip with a NW-SE maximum horizontal stress orientation. Understanding this rather complex 
structural history (Figure 1) is important in correctly inferring the nature of faults and fractures and their impact on 
CO2 injection performance.  
The initial baseline 3D seismic survey, acquired in 1997, was focussed on understanding the gas reservoirs and 
was not ideally suited to characterisation of the CO2 storage unit and overlying caprock. Preliminary geological 
models were constructed using this baseline dataset, initially with 7 faults identified and then updated to around 20, 
using advanced seismic imaging methods [2,3,4]. The acquisition of a new 3D seismic survey in the northern part of 
the Krechba field in 2009, designed specifically to improve imaging in the Carboniferous storage and caprock 
system, led to significantly improved imaging of the minor faults. Figure 2 shows examples of the improved seismic 
imaging data and Figure 3 shows the resulting fault model. The role of these faults and associated fractures is 
important in controlling the CO2 plume distribution and the associated pressure development and multi-phase flow 
processes.  
Figure 2: Improved seismic imaging of storage unit and overburden. 
Of particular interest and importance is the nature of the fault or fracture zone close to injection well KB-502 
(Fig. 3). The In Salah monitoring dataset [4], including tracer and gas breakthrough observations [2], well pressure 
and rate analysis [5] and inversion of InSAR satellite data [6], suggest that a fracture corridor or fault zone has 
controlled flow and pressure distribution around this injector well. Several recent studies have been focused on 
understanding the geomechanical and fluid flow behaviour around this well [5, 6, 7, 8 and 9]. This work on coupled 
modelling of hydro-mechanical and multiphase fluid flow behaviour is very dependent on a good understanding of 
the subsurface, and the new 3D seismic data is proving very valuable in assisting with the development of suitable 
geo-mechanical and rock property models of the reservoir and cap-rock system. 
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Figure 3. a) Updated fault interpretation from new 3D seismic survey, shown on coherency attribute map of Top C10.2 reservoir, and b) updated 
2010 fault model for corresponding area (oblique view from south). 
3. Fracture characterisation 
In order to translate the structural geological model into a property model suitable for understanding CO2
injection and storage, we need to develop an understanding of fractured rock. This includes both naturally occurring 
fractures and fractures that may be stimulated by changes in pressure during injection. Fractures in core and image 
logs were identified early in the project, and their importance in controlling CO2 flow and pressure distribution has 
become increasingly apparent as the monitoring dataset and site experience have been developed. In order to 
translate core and log data into models of fractured rock we have used and adapted recently developed tools for 
fracture modelling. Figure 4 shows a strain map (colour-mapped for the maximum strain vector, E1) for the updated 
2010 Krechba fault model derived using the 4DMove restoration tool, which uses a mass-spring solver to compute 
strains when restoring the folded and faulted rock surface to its presumed original state.  
400m
1 km
Figure 4: Strain map for the updated 2010 Krechba fault model, with hot colours denoting the greatest magnitude of E1 strain, and discrete 
fracture network model for a simulation grid-cell element (inset) [3]. 
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The strain map provides us with an intensity parameter for the likely fracture distribution, which can then be used 
in geomechanical and flow simulation models.  To translate the fracture models to flow properties we have used 
discrete fracture network models (Fraca) to estimate the fractured rock permeabilities which are found to be in the 
range of 150md to 1000md [3]. Estimating the properties of fractured rock is a major challenge, especially because 
the permeability is highly sensitive to the stress state and to thermal effects; however, our integrated approach 
allows us to establish a good starting point for both short-term and long-term models of CO2 injection at this site. 
4. Pore-space characterisation 
Despite the importance of faults and fractures in controlling CO2 injection at Krechba, it is ultimately the pore-
space which determines the long-term storage characteristics. Core analysis, thin section, backscatter scanning 
electron microscopy (BSEM) and mineralogical studies (conducted at Statoil Research Labs in Trondheim) have 
been used to identify key pore types within the sandstone matrix, which is characterised by highly variable quartz, 
chlorite and carbonate cementation. Natural fractures tend to be strongly cemented (Fig. 5), whilst the matrix is 
highly variable with areas of preserved porosity through chlorite-coating of quartz grains (Fig. 5 right) and areas of 
low porosity due to extensive (mainly quartz) cementation.  
Figure 5: Pore-space characterisation at the Krechba site - sample JIP1 from the C10.2 storage unit sandstone, characterised using BSEM imaging 
(left) and X-ray elemental analysis (right). Fracture filling Fe-carbonate cements (pink), chlorite clay coatings (green) are observed along with the 
quartz sandstone grains (yellow) and pores (black). 
Laboratory flow experiments and pore-network reconstructions have then been used to make improved 
predictions of matrix CO2-brine relative permeability [10]. Two important findings have emerged from this work on 
the pore space: 
i. The chlorite grain coatings, which are important in preserving the pore space in the first place, are also 
important in controlling the mobility of CO2 and the chemical reactions between the CO2 and the brine. 
ii. The Fe-carbonate cements (Ankerite) which are observed filling naturally occurring fractures are similar to 
the main mineral phases precipitated by reactions of injected CO2 with the formation brine in the presence of 
chlorite grain coatings. 
The second observation supports the hypothesis that CO2 injection may in fact be a self-sealing process at long-
term timescales at this site, in that CO2–rock–brine reactions will tend to promote porosity reduction. Understanding 
the geochemical reactions and processes at the Krechba site is a complex topic considered in more detail elsewhere 
200m2cm
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[11, 12]. In future, we plan to use the pore-space and macroscopic geological models as a basis for estimating long-
term storage integrity on the 100-1000 year timeframe. 
5. Conclusions and Integration 
Together these observations have helped us to develop a picture of the critical elements of CO2 storage site 
characterisation – both specific to the Krechba site but also generally relevant for other deep sandstone aquifers. The 
most important elements identified are: 
1. A detailed geological model based on integrated seismic and well data 
2. The mapping and characterisation of faults using advanced seismic imaging, 3D visualization and modelling 
3. Rock mechanical data and models 
4. Fracture network characterisation and modelling 
5. Pore-space characterisation 
6. Integration and updating of subsurface models using new monitoring data  
CO2 storage presents new demands on subsurface characterisation and modelling activities as compared with 
standard practice in the oil and gas production or groundwater industries, because the overburden is just as important 
as the reservoir and because the geomechanical and geochemical processes need to be understood. Highly integrated 
and cross-disciplinary work is needed spanning conventional geology, rock mechanics, geochemistry and flow 
processes.  
To assist with data integration, the In Salah JIP team has made extensive use of co-visualisation software, 
adapted to the special demands of CO2 storage. Figures 6 and 7 show examples of cross-disciplinary co-
visualisation, where surface and subsurface datasets can be compared in order to better understand the links between 
surface measurements and subsurface processes. In particular, the rapid developments in the use of satellite InSAR 
data as a monitoring tool to track surface deformation at the mm-scale, has depended on integration with subsurface 
observations (Fig. 7), which themselves have been regularly updated using new seismic acquisition and 
interpretation techniques. 
Our overall conclusion is that there is no point in monitoring CO2 storage without a reasonable understanding of 
the subsurface – both the reservoir and the overburden. You have to know what you are measuring.  
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Figure 6: Co-visualisation of seismic surfaces, cross-sections and injection and production wells at Krechba. 
Figure 7: Co-visualisation of satellite surface deformation data and sub-surface fault lineaments, used to assist with understanding the 
relationships between subsurface faults and surface uplift at Krechba. 
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